The aim of this study was to clarify the characteristics of interior noise in Japanese, Korean, and Chinese subways. The octave-band noise levels, A-weighted equivalent continuous sound pressure level (L Aeq ) and parameters extracted from interaural cross-correlation/autocorrelation functions (ACF/IACFs) were analyzed to evaluate the noise inside running train cars quantitatively and qualitatively. The average L Aeq was 72-83 dBA. The IACF/ACF parameters of the noise showed variations in their values, suggesting they are affected by the characteristics of the trains running, wheel-rail interaction, and cross-section of the tunnels.
Introduction
The sound quality in train cars is an important design factor for the railway industry because many people occupy trains for long periods of time in large cities. The fundamental issue is to create a comfortable acoustic environment for the passenger in a train car. The rail industry has succeeded in lowering the equivalent sound-pressure level (SPL) in surface train cars to a mean of less than 70 dBA (Hardy 2000; Soeta and Shimokura 2011; 2012; 2013) . However, the SPL is higher in underground train cars and lowering it is not enough for a comfortable acoustical environment. Even when the SPL is only about 35 dBA, people may feel irritated by conditions such as fluctuations of pitch and localized sound sources (Kitamura et al. 2002) . It was found that the perceived annoyance in train cars could be predicted not only by the SPL but also parameters extracted from the interaural cross-correlation function (IACF) and autocorrelation function (ACF) (Soeta and Shimokura 2012) .
The ACF and IACF parameters were introduced for the evaluations of noise in train cars in Japan 2012; 2013) . The results indicated that the effect of the reflection from the tunnel is characterized by a maximum peak for the IACF and the characteristics of the noise sources are described by the delay time, peak amplitude, and width of the peak of the ACF. However, the results relied on a limited budget. To apply the parameters worldwide, more cases for different lines and countries should be analyzed, compared, and discussed.
The aim of this study is to clarify the noise characteristics inside running train cars in the large cities of Eastern Asia using ACF and IACF analysis. To consider an appropriate acoustic treatment, it is necessary to clarify the characteristics of the noise inside train cars quantitatively and qualitatively. We used a dummy-head microphone (KU100, Nuemann) or a binaural microphone (Type 4101; B&K) to record noise inside a train car. The dummy head is an artificial model of the human head with two microphones inserted at the entrances of the outer ears. It can simulate the frequency-dependent distortions of the phase and amplitude of sound reaching the entrance of the left and right ear canals. The microphone was placed in the area for a wheelchair user because of safety. The dummy or real head always faced the inside of the train car and was perpendicular to the direction of travel. The height of the dummy head and binaural microphones was 1.6 m. For all measurements, noise was recorded on a personal computer or digital audio recorder at a sampling rate of 48 kHz and sampling resolution of 24 bits.
The IACF/ACF parameters of the noise are proposed for describing the sound quality (Ando 2001 ). The normalized IACF for the signals received at each ear from the microphones, p l (t) and p r (t), as a function of the running step, s, is defined by (1) where .
(
Here F ll (0) and F rr (0) are the ACFs at t = 0 for the left and right ears, 2T is the integration interval, and p' l, r (t) = p l, r (t)*s e (t), s e (t) is the ear sensitivity. For convenience, we 
where  ll and  rr have  = 0. The L Aeq was calibrated by the sound calibrator (Type 4231; B&K). The interaural cross-correlation coefficient (IACC) is related to the subjective diffuseness and apparent source width (ASW) (Ando and Kurihara 1986; Sato and Ando 2002), and is defined by
When IACC is 1, the passengers can clearly perceive the direction of the noise source. When IACC approaches 0, passengers can hear the noise, but it is diffused (Ando 2001) .
The normalized ACF can be obtained by substituting p' l (t) (p' r (t)) for p' r (t) (p' l (t)) in Eqs. (1) and (2) . The ACF parameters,  1 and  1 , are defined as the time delay and amplitude of the first maximum peak and are related to the perceived pitch and pitch strength (i.e., tonality) of the complex sounds (Ando 2001; Yost 1996) . The other ACF parameter, W (0) , is defined as the width of the first decay and corresponds to the spectral centroid (Ando and Cari- Fig. 1 . We calculated the octave-band noise levels, L Aeq , IACC,  1 ,  1 , and W (0) as a function of time to evaluate the noises in a train car quantitatively and qualitatively. The integration interval was 2T = 0.5 s and the running step was s = 0.1 s in all calculations. Although the different head-related transfer functions of the dummy head and binaural microphones can affect the IACF and ACF parameters, the preliminary measurements verified that the difference between the microphones was not significant (Shimokura and Soeta 2011). Table . 1. Fig. 3 (a) shows the frequency distributions of the IACC. Most values are less than 0.4, suggesting the passengers could not hear the direction of noise source clearly. This is consistent with previous findings (Soeta and Shimokura 2011; 2013). There were no significant differences between Japan, Korea, and China, but the frequency distributions show some differences between their respective lines. The IACC is influenced by the cross-section of the tunnels, e.g., the IACC was largest for the tunnel with a circular cross-section because of the focused reflections (Soeta and Shimokura 2011; 2012), suggesting the cross-sections of tunnels are diverse on each line. 
Results and Discussion

Conclusions
We analyzed the noise characteristics inside running train cars in Japan, Korea, and China. Noticeable differences of L Aeq were not observed between the three countries. ACF factors,  1 and W (0) , showed slight differences in the Chinese subway. The variations in the IACF and ACF parameters reflect the characteristics of the trains running, the wheel-rail interaction, and the cross-section of the tunnels, suggesting that these characteristics take into consideration the acoustic treatments in each line of the subway. In the current study, the physical characteristics of noise in train cars were clarified, but the effects on the passengers are not yet resolved. To introduce IACF and ACF parameters for the evaluation and mitigations of noise, further investigations are required to clarify the effects of ACF and IACF parameters on the passengers. 
